Synthetic seismograms (P-SV and SH waves) have been calculated along six profiles in Santiago de Cuba basin, with a cutoff frequency of 5 Hz, by using a hybrid approach (modal summation for a regional 1D structure plus finite differences for a local 2D structure embedded in the first). They correspond to a scenario earthquake of M S Z7 that may occur in Oriente fault zone, directly south of the city. As initial data for a seismic microzoning, the characterisation of earthquake effects has been made considering several relative (2D/1D) quantities (PGDR, PGVR, PGAR, DGAR, I A R-ratios of peak ground values of displacement, velocity and acceleration, and of design ground acceleration and Arias intensity-, etc.) and functions representative of the ground motion characteristics in soil (2D) with respect to bedrock (1D). The functions are the response spectra ratio RSR(f), already routinely used in this kind of work, and the elastic energy input ratio E I R(f), defined, for the first time, in this paper. These data, sampled at 115 sites within all the profiles have been classified in two steps, using logical combinatory algorithms: connected components and compact sets. In the first step, from the original ground motion parameters or functions extracted from the synthetic seismograms, nine sets have been classified and the partial results show the spatial distribution of the soil behaviour as a function of the component of motion. In the second step, the results of the classification of the nine sets have been used as input for a further classification that shows a spatial distribution of sites with a quasi-homogeneous integral ground motion behaviour. By adding the available geological surface data, a microzoning scheme of Santiago de Cuba basin has been obtained. q
Introduction
Seismic microzoning was introduced in seismological practice more than 40 years ago. The use of microtremors for estimating some characteristics of foundation soils dates from the fifties [1] . The classical book of Medvedev [2] summarises the results of Soviet scientist's initial experiences in that discipline. They first used the value DI as a parameter for microzoning. This value is defined as the increment (or decrement) of the expected macroseismic intensity over the one corresponding to a 'reference soil', in which the macroseismic intensity predicted by regional seismic hazard assessment ('base degree') is expected to occur. The data used for that purpose are, first of all, of engineering-geological character, complemented with microseisms' and/or microearthquakes' measurements. Further development of the Soviet school on seismic microzoning, due to the fact that building codes were prepared always in terms of macroseismic intensity, was directed to the upgrading of the methods to calculate DI, as a basis of a microzoning map, complemented with the analysis of the spectral behaviour of soils through transfer functions calculated by different methods [3, 4] .
In western countries, this kind of work began later and followed a different path. Seismic hazard was mainly estimated in terms of peak acceleration values, and microzoning was directed to the estimation of relative amplification (a transfer function) of expected ground motion with respect to a point (believed to represent the bedrock), the 'reference site' [5] [6] [7] . Another variant, widespread in present times, was the spectral ratio method [8] , that considers the Earth as a simple two-layer model (sediments over bedrock) and assumes that the ratio of horizontal to vertical component of microseisms can be related to the transfer function of S waves. Although the use of this method is very popular, there are serious objections to its validity [9] .
The key point in the microzoning studies is to determine what is a 'reference soil' for DI calculation, or a 'reference site' for transfer function evaluation, which is not a simple process. In the case of the 'reference soil' the procedure can be divided in two parts: (a) to identify a kind of soil, present in the area of study, that is consistent with the regional hazard estimation, (b) in the area covered by this kind of soil, to select a point or a group of points, considered 'characteristics' of this soil, which can be used as reference for some relative calculations of microseisms' or microearthquakes' measurements, of acoustic impedance, etc. In the case of the 'reference site' the problem is to find a site that can be considered as bedrock, to be used for the definition of the transfer functions of sedimentary layers.
Modelling is a way to avoid this problem. If the regional structure is known, it is possible to obtain realistic synthetic seismograms for the bedrock model, and if the local structure is known, realistic synthetic seismograms can be obtained for different ground conditions. Then, microzoning can be achieved by comparison of these two kind of synthetic seismograms. For this purpose, ground motion parameters should be extracted first. This procedure has been applied to the city of Rome [10] ; an a-priori geotechnical zonation is used as a basis for a ground motion characterisation, in terms of response spectra ratio (RSR) and other parameters pertinent for the seismic microzoning. Another variant has been applied by Alvarez et al. [11] , who made the microzonation by classifying the RSR curves calculated at sites distributed over the city plain, using geological data as auxiliary for the tracing of the borders between different zones. The theoretical principles of this methodology are presented by Panza et al. [12] , and the results obtained in applying these principles to the seismic microzoning of 14 cities worldwide are summarised in Ref. [13] .
The purpose of this paper is to make a microzoning, through a classification procedure of several relative ground motion quantities, extracted from synthetic seismograms. The flow chart of the microzonation procedure is shown in Fig. 1 . The synthetic signals in the bedrock anelastic structure are generated by the modal summation approach [13] [14] [15] [16] . The waveforms along the local, laterally varying anelastic structure are computed using a finite difference scheme applied to the local structure, combined with modal summation [17, 18] . This procedure is known as the 'hybrid approach'. The case study is Santiago de Cuba, one of the first cities founded by Spanish in America (1508), on the south-eastern coast of Cuba island (in a protected deep water bay), that is exposed to a moderate to high seismic hazard. The first report of a felt earthquake is from 1578, and from its foundation to the present day it had experienced five shakings of intensity VIII and two of intensity IX in the MSK scale (equivalent to MMI and EMS scales for those intensities). From the macroseismic data, the magnitudes of these earthquakes have been estimated between 6.8 and 7.6. These values together with the low magnitude earthquakes in the Oriente fault zone give a good basis to consider a scenario earthquake of magnitude 7, south of the city, at about 30 km distance off the coast [19] . The city has been the object of several microzoning studies, using classical Soviet school methodology [20, 21] and some GIS based methodological variants [22, 23] , as well as modelling of P-SV and SH waves [11, 19] .
Ground motion parameters
The target of seismic microzoning is to represent in a map the relative variation of the expected seismic ground motion as a function of soil conditions.
In earthquake engineering, values of peak ground displacement (PGD), velocity (PGV) and acceleration (PGA), design ground acceleration (DGA) and Arias intensity (I A ) are often used among others. For all these quantities (generally indicated with X in Eq. (1)) it is possible to calculate the ratio, XR, between the values computed in the laterally varying medium, X 2D , and these computed in the bedrock model X 1D :
We will consider the cases XRZ(PGDR, PGVR, PGAR, DGAR, I A R).
The use of the elastic response spectra ratio (RSR), a function defined as:
where RS 2D and RS 1D are the elastic response spectra (5% damped), of the 2D and 1D signals, respectively, calculated for a viscous damping of 5%, has been proved to be very useful for microzoning purposes [10, 11, 13] . In the 90's in earthquake engineering it has been introduced the use of the earthquake input energy spectrum (E I ), a function defined as:
where u g is the input seismogram (i.e. the earthquake ground displacement), u t is the absolute displacement u t (t)Zu(t)C u g (t), and u(t) is the solution of the single degree of freedom (SDOF) problem under the action of an earthquake input u g [24, 25] . The structure is characterised by the viscous damping constant n, the displacement ductility m, the oscillation period T and the mass m. In the following E I /m will be called E I , like in [24, 25] . This function, for a viscous damping of 5%, is plotted in the (T, E I ) plane and a new 
Eqs. (3a) and (3b), may be considered a global hazard index in energy terms [25] as it considers the influence of the energy demand in the whole period range, and have been successfully used for the characterisation of site-dependent seismic hazard [26] . The value of m separates two different cases, the elastic (mZ1), for which symbols E I and AE I are used and the anelastic (mO1), that is expressed trough E I m and AE I m [27] . Let us define a new function, the elastic earthquake input energy spectra ratio (E I R):
where E I2D and E I1D are the mean elastic earthquake input energy spectra (E I ) for the laterally varying structure and the bedrock model, respectively. The use of the frequency, instead of the period that appears in the definition (3a), makes possible the direct comparison of E I R(f) with RSR(f). Additionally, we can define AE I R, i.e. the ratio between the areas under the curves of E I :
where AE I2D and AE I1D are the corresponding values of the areas under the curves of E I for the laterally varying structure and the bedrock model, respectively. Table 1 .
Data
The regional structure model (until 110 km of depth) has been constructed, using results of geophysical studies [28, 29] and tomographic inversions [30, 31] (Fig. 2) , and it has been used to calculate the bedrock P-SV and SH waves seismograms by modal summation to a maximum frequency of 10 Hz. Six 2D profiles, that cross the entire basin where Santiago de Cuba is located, have been constructed using borehole data. In Fig. 3a their traces are shown over a simplified version of the geological map of Medina et al. [32] of Santiago de Cuba basin. In Fig. 3b the corresponding cross-sections are shown. The data about the mechanical properties (P-and S-waves velocities and quality factors) of the strata (see Table 1 ) were taken from the literature [4, 33, 34] , and correspond to direct measurements made on similar soils in other places in Cuba, as no local measurements are available. A brief discussion about the geological setting of Santiago de Cuba basin and the data about its subsurface geology can be found in Refs. [11, 19] . 
Synthetic seismograms and derived parameters
The complete set of seismograms of P-SV and SHwaves for displacement, velocity and acceleration have been computed, at sites along the six profiles, by the hybrid approach [17, 18] considering a maximum frequency of 5 Hz. Along each profile, the sites are on the free surface, with a constant spacing of 180 m. We considered a point source with seismic moment M 0 Z1.0!10
13 Nm (characterised by a flat spectrum in the range of frequencies used), focal depth hZ20 km, and focal mechanism: dipZ218, azimuthZ1008 and rakeZ218. This mechanism is a combination of left-lateral strike slip with normal faulting, characteristic of this zone, and gives the maximum energy radiation in the direction of the studied profiles. The computations were made twice, once considering the complex 2D structures, formed by the regional structure and the embedded in it detailed 2D profiles, and the second considering the uniform bedrock model only. As it was pointed out in the introduction, this dual calculation is important for microzoning purposes, because it allows us to calculate the variations of the earthquake ground motion, relative to the bedrock, i.e. the real site increment against the reference site. In our case, we do not have the quite common problem of selecting the reference site, because it is formed by the rock basement. The 'elementary' seismograms have been scaled, in the frequency domain [35] , for the scenario earthquake of magnitude (M S Z7) by using the scaling law of Gusev [36] , as reported by Aki [37] . The design ground acceleration (DGA) is obtained following the procedure defined by Panza et al. [35] using the design response spectra of the Cuban building code [38] for soils of type S1. The scaled seismograms (e.g. see Fig. 4 ) have been used for calculating the earthquake input energy spectrum E I and the corresponding AE I that turn out to be a little underestimated, since our integral begins at TZ0.2 s. instead of 0.05 s, as defined in (3b). Nevertheless, since we are interested in relative values, our choice of the integration interval does not affect our conclusions.
All the above defined relative quantities plus the maximum values of the functions RSR and E I R (RSR max , E I R max ) and the frequencies at which these maxima occur [f(RSR max ), f(E I R max )] have been plotted for each profile (an example is given in Fig. 5 ). Additionally we have drawn the plots of the functions RSR(f, x) and log[E I R(f, x)] were 'x' is the epicentral distance to the site, formed by the original RSR(f) and E I R(f) evaluated in each of the sites considered. Examples are shown in Fig. 6 for RSR (together with the profile structure plot) and Fig. 7 for log[E I R].
Ground motion parameters classification

Single valued parameters
The data shown in Fig. 5 correspond to the entire site set along profile p3 (see Fig. 3a) where the synthetic seismograms have been calculated (radial component). The same has been done for all the profiles, for a total of 352 sites, and for the three components of motion. Since we do not observe, in general, a high variability of the curves, like the ones given in Fig. 5 , in nearby sites, we decided, without a significant loss of information, to decimate (every three points) the available sites, which resulted in 115 sites, 560 m apart, along the profiles. In the following, the analysis will be limited to the decimated set of signals.
The data for the 10 single-valued ground motion parameters [PGDR, PGVR, PGAR, DGAR, I A R, RSR max , E I R max , AE I R, f(RSR max ), f(E I R max )] have been divided into three sets, one for each component of motion, P-SV vertical, P-SV radial and SH (transverse). In order to select the variables to be used in the classification, a non-parametric correlation analysis between the different ground motion parameters has been made for each set. Because of the high values of E I R max present in the vertical component, its logarithm is used. The Spearman rank-order correlation and the Kendall's t were tested. The hypothesis of independence of variables is rejected for all combinations of variables except when at least one of the variables is f(RSR max ) or f(E I R max ) for the radial and transverse components, at a significance level of 10 K4 . The above is also true for the vertical component, and in addition the hypothesis of independence with respect to all other variables holds for log(E I R max ) and AE I R too. This is a consequence of the presence of some isolated very high values of these variables (outliers) and we decided not to take them into account because they don't allow a clear classification. With this exception, we have only three really independent variables that can be used for classification: the frequencies of the maxima of f(RSR max ) and f(E I R max ), and one of the remaining eight, let's say, the maximum velocity ratio PGVR. Three sets of values are formed, one for each of the ground motion components.
RSR(f) and E I R(f) functions
In a previous paper [11] the classification of the function RSR(f) for the transverse component at f max Z 1 Hz along four profiles have been used for microzoning The code corresponds to numbers in the legend of Fig. 3b . r-density, v P , v S -velocities of P and S waves, Q P , Q S -quality factors of P and S waves. 
Final microzoning
The process of classification of the nine sets of values results in a subdivision of the sites in groups that in general can be considered different. Seismic microzoning is characterised by generalisation and smoothing. Therefore, these groups should be as few as possible, and nearly corresponding groups should be merged together. At the end of the process every site will be characterised by nine numbers that represent the group to which it belongs in each set. This data are used as input for a new classification, and as a result a new grouping of sites is done. Each group corresponds to a quasi-uniform behaviour of soils in terms of ground motion parameters and RSR(f) and E I R(f) functions. These groups define the final microzoning.
Method of classification
For the classification of ground motion parameters and functions, as well as for the final microzoning, an extension of the non-supervised logical-combinatorial algorithms included in PROGNOSIS system [39] has been tested. The extension is due to Pico [40] and allows us the interactive selection of the similarity levels at which the partition in groups of the initial sample will be done. Two main algorithms were used: compact sets and connected components [40] .
The selected algorithms start from the general conditions: † Let the site 'j' be the object 'O j '. An object is described in term of variables ' to it belongs to this set too, or if it is the most similar to another object belonging to the set. † The compact sets or the connected components are graphically represented in a dendrogram (Fig. 8) , where the different levels represent the b o -similarity, which can be used to build groups. Selecting interactively, over this scheme, a level b o , a particular partition in b o -compact sets or in b o -connected components can be obtained [40] . † A unique tree forms the dendrogram for the connected components, i.e. there is a b o level such that all the objects are connected. Besides, the dendrogram for the compact sets is, in general, formed by several isolated trees; i.e. while reducing the level b o , the number of independent groups cannot be reduced below a certain limit. This behaviour is due to the fact that in the case of compact sets, the condition of connectivity between objects is more stringent than in the case of the connected components. )   23  24  25  26  27  28  29  30  31  32  33 Distance from the source (km)
Vertical (P-SV) S N Fig. 7 . Logarithm of the relative elastic energy input spectra (E I R) of the P-SV and SH waves as a function of frequency along the profile labelled 'pb' in Fig.  3a and b. The numbers along the x-axes correspond to the epicentral distance.
subdivided using additional criteria, and the average curve for each final group is calculated.
The initial settings for the classification process depend on the sample characteristics. 20 equally spaced frequency samples, i.e. f i , (iZ1, 20) , are taken for the functions RSR(f) and E I R(f) and correspond to the variables x i . In the case of ground motion parameters, the variables x i are the selected parameters for the classification (iZ1, 3), while for the final microzoning the variables x i are the results of the classification of the original sets (iZ1, 9) (integer numbers corresponding to the coding used in those classifications). The calculus of the similarity functions S(O i , O j ) is done as follows: † In the case of connected components, used for the ground motion parameters, the comparison criterion for a variable x t is the function C t , defined as: 
where max(x t ) and min(x t ) are the extremes of the variable x t over all the objects. † In the case of compact sets, used for RSR and E I R curves, the comparison criterion for a variable x t is:
where the 3 t has been selected as 0.1 *[max(x t )Kmin(x t )] † In the case of microzoning, the values of the variables are integer numbers, and the comparison is made by means of the simple equality:
The similarity between objects in all the cases is calculated by the formula:
where n is the number of considered variables and C t the criterion defined above.
Results
The three sets of the RSR(f) function and the three sets of the E I R(f) function have been classified in compact sets. The results of this classification are six maps with the coding of the obtained groups and the corresponding plots of the average functions for each group (an example is given in Fig. 9a and b for the transverse E I R(f)). In Fig. 9a it is seen that nearly coincident sites belonging to different profiles are not always classified in the same group. This is due to the fact that waveforms in laterally varying media do not depend only on the structure under the site where they are analysed, but on the source-site path of the bi-dimensional structure (e.g. see Ref. [41] ).
The three sets for the ground motion parameters have been classified in connected components. An example is given in Fig. 10 for the radial component of ground motion. In Fig. 10a a map is shown with the coding of the classification, and in Fig. 10b all the data belonging to the groups in which this set is classified are plotted. In the x-axis, the value one corresponds to PGVR, 2 to f(RSR max ) and three to f(E I R max ). The yaxis units are non-dimensional for 1, and Hz for two and three.
At this stage, we have nine different maps (one for each initial set of values) with a coding that represents how the particular characteristics of the ground motion vary in space. Each map could be selected to do the microzoning. We have no elements to choose the best one for doing the microzoning, and therefore we have decided to use all the maps together. For doing so, the coding defined in each of the nine maps is considered as a new initial sample to be classified in connected components too, leading to a map with the final microzoning coding (Fig. 11) . 
Discussion
The influence of local soil conditions on earthquake signals is clearly seen from the signals shown in Fig. 4 . The relative ground motion parameters, shown in Fig. 5 , give a good characterisation of the influence of soil properties on earthquake ground motion. The complexity of the problem is evident from the fact that the signals vary not only from one profile to another, but for each profile, from one component of motion to the other. The RSR(f,x) and log[E I R(f,x)] plots (Figs. 6 and 7, respectively) in a gross way show the same general characteristics.
The problem of selecting the best way to characterise the earthquake seismic ground motion is not solved until now. The analysis of the relative ground motion parameters and RSR and E I R functions evidences the impossibility to select one of them for microzoning purposes; therefore our decision to make a classification using all the data. The classification had to be done in two parts: (a) each data set (three RSR, three E I R, three ground motion parameters) has been independently classified; (b) the results of step (a) have been used as input for another classification that leads to the final microzonation. The maps of the kind presented in Figs. 9a and 10a cannot be combined by means of a straightforward procedure. Again, the way for solving the problem has been to classify these preliminary results. Rather than the spatial distribution of a single parameter, as is usual in microzoning maps, the map of Fig. 11 shows the spatial distribution of sites with quasihomogeneous behaviour. Each group identified after the final classification is not characterised by a common value of a given ground motion parameter, taken as a criterion for microzoning. Instead, the sites belonging to each group are characterised by a given degree of similarity among the nine initially classified sets of values that describe the ground-motion characteristics. The sites have similar, but not equal behaviour in Table 2 Average values, for the three components of motion, of the relative parameters defined in formulae 1-5 (ratio between the values obtained considering the 2D model-soil-and those obtained for the reference model-bedrock) in the sites placed into the zones delimited in Fig. 12 Zone Being relative values, they are non-dimensional.
response to seismic load. The degree of similarity used to define the groups is measured by the similarity between the objects defined in Eqs. (8) and (9) . The average similarity of the sites represented in the map of corresponds to seven equal variables, and there is only one group with similarity of 0.55 (identified with letter S) that corresponds to only five equal variables. Seismic microzoning requires a division in zones, of the study region. If we analyse the site spatial distribution in Fig. 11 , it is evident that for the studied area it is not possible to produce a map, but if we add other information to our results we can make a microzoning scheme. Our choice has been to use the geological map of Santiago de Cuba basin of Medina et al. [32] (see Fig. 3a ) and the microzoning scheme proposed in [11] . In Fig. 12 we present the final microzonation. It has been constructed by tracing the boundaries between zones following, as close as possible, the limits between the geological formations, and avoiding to make additional generalisations of the results of classification. For each zone of Fig. 12 , we calculated average single valued quantities (see Table 2 ) and average RSR(f) and E I R(f) functions (Fig. 13) , obtained from the signals associated with the sites belonging to each zone.
Conclusions
Earthquake ground motion has been characterised by means of several relative (soil/bedrock) single valued quantities (PGDR, PGVR, PGAR, DGAR, I A R, etc.), by the response spectra ratio RSR(f) and by the elastic energy input ratio E I R(f) (defined in this paper). The parameters have been extracted from synthetic data. No calibration with real data could be done, since strong-motion observations are not available in the study area. This lack of data has been discussed in [19] , where a comparison with two microzoning maps obtained by other authors using different methodologies is discussed. Even if with the synthetic modelling it is easy to consider different earthquake scenarios, a single one has been taken into account, since Santiago de Cuba is placed in a region where the plate boundary (North America-Caribbean) is very narrow and well defined, and no deep earthquakes are observed.
The seismic microzoning has been done by classifying these data using two logical combinatory algorithms: connected components and compact sets [40] . Data were sampled at 115 sites distributed along six profiles that sample the study area.
The classification process has been accomplished in two steps. The original nine data sets (RSR and E I R functions, and single-valued ground motion parameters, for the different components of motion-radial, transverse and vertical) are classified at first. In this way, the spatial distribution of the soil behaviour as a function of the component of motion is obtained. The results of this classification are used as input for a further classification to define the spatial distribution of the sites with a quasihomogeneous integral ground motion behaviour. The latter classification is combined with the geological surface data available to produce a microzoning scheme for Santiago de Cuba basin.
